Abstract: Type material of Encyonema angustecapitatum KraMMer was investigated to establish the identity of several Brazilian Encyonema populations. In order to elucidate the differences and similarities of that species complex, morphological features under light and scanning electron microscopy were detailed. Notes on their distribution were also discussed. MDS analysis distinguished four Encyonema species presently described as new to science: Encyonema acquapurae sp. nov., Encyonema sparsistriatum sp. nov., Encyonema tenue sp. nov. and Encyonema paradisiacum sp. nov. The four new species can be separated on the basis of a combination of the following morphological features: valve outline, axial area, valve length, valve width, length to width ratio, number of striae in 10 μm and number of areolae in 10 μm. Regarding ecological preferences, all four species were mainly found in oligotrophic and oligo-mesotrophic environments.
IntroductIon
The biraphid diatom genus Encyonema Kützing (Cymbellales) has over 400 described taxa (Fourtanier & KoCioleK 2011) ; 17 species and 5 varieties were recorded for Brazil (eSKinazi-leça et al. 2015) , and five new taxa were recently described (treMarin et al. 2011; Silva et al. 2013a, b; Silva & Souza 2015; Marquardt et al. 2016) . Encyonema species are very common in freshwater benthic communities with low electrolyte content (round et al. 1990; KraMMer 1997b) . Encyonema was separated from Cymbella C. agardh by KraMMer (1997a, b) after an extensive revision of the cymbelloid taxa, including 50 new species and some material from Brazil (Tapajós River, Brazilian Amazon). The genus was proposed to designate dorsiventral individual specimens with distal raphe ends curved to the ventral margin, opposed to all Cymbella species. Encyonema angustecapitatum KraMMer and E. ponteanum KraMMer were described in the above contribution, both after the study of Venezuelan material. In general, this 'species complex' shows a more or less similar morphology characterized by having (i) strongly dorsiventral asymmetrical valve outline; (ii) small capitate ends; and (iii) narrow ventral axial area with central area absent (KraMMer 1997b) .
Several populations of the E. angustecapitatum complex were found in samples from São Paulo state (southeast Brazil) during a project that aimed at identifying the São Paulo state algal flora (BIOTA-FAPESP Program) and also during a paleolimnological investigation that aimed at contributing towards the diatom biodiversity and autecology for the establishment of environmental scenarios and policy maker's information (AcquaSed Project).
Analysis of E. angustecapitatum and E. ponteanum type material revealed the existence of four distinct Encyonema taxa that were misidentified at first sight. Such inadequate identifications improved the uncertainty of those species distribution besides affecting the accuracy of the diagnostic tools relying on diatom taxonomy and ecology. Such species are presently described as new to science using both light (LM) and scanning electron microscopy (SEM). Notes on their ecological preferences and distribution are also included. The description of the four new species contributes to the knowledge of their diversity, geographic distribution and morphology.
materIal and methods
The original gathering from Rio Caroni (Venezuela) containing both Encyonema angustecapitatum and E. ponteanum, i.e. sample 1114B in KraMMer collection kept at the Hustedt Diatom Study Centre of the Alfred Wegner Institute, Bremerhaven (BRM), corresponding to the slide 1099C, was observed. The material was prepared only for SEM analysis since there was not enough raw material available. Morphological measurements of E. ponteanum were based on KraMMer's (1997b) light microscopy photos.
Altogether, four sample units containing E. angustecapitatum complex representatives collected from semilentic and lentic environments and plankton, periphyton and surface sediments from different localities in the São Paulo state (southeast Brazil) were analyzed under LM and SEM.
Plankton samples were obtained with a 20 µm mesh nylon plankton net and a van dorn water sampler (van dorn 1956). Periphytic material was scrapped from stones and macrophytes (floating and/or submerged). Surface sediments (first superficial 2 cm) were collected using a gravity core (UWITEC). A list of all samples studied and their characteristics is given in Table 1 . Also, their water chemical and physical data are compiled in Table 2 .
Permanent slides were prepared using BattarBee et al. (2001) technique, with heated peroxide hydrogen (H 2 O 2 37%) to remove the organic matter. The reaction was further completed by addition of hydrochloric acid (HCl 37%) and following centrifugation cycles (1500 rpm) to rinse the acid excess. A permanent slide from the organic-free material was mounted using Naphrax (R.I. = 1.74). The diatom community was investigated using a Zeiss Axio Imager A2 light microscope (LM) at 1000× magnification, equipped with Differential Interference Contrast (DIC) and an AxioCamMR5 digital camera. For the scanning electron microscopy (SEM) analysis, a subsample of the cleaned material was dried out on filters mounted on aluminium stubs and coated with platinum using a BAL-TEC MED 020 Modular High Vacuum Coating System for 30 s at 100 mA. An ultra-high-resolution analytical field emission (FE) scanning electron microscope Hitachi SU-70 (Hitachi High-Technologies Corporation, Tokyo, Japan) operated at 5 kV and 10 mm distance was used for the analysis. SEM images were taken using the lower (SE-L) detector signal. Photomicrographs were digitally manipulated and plates containing light and scanning electron microscopy images prepared using the CorelDRAW Graphics Suite X7.
Morphological terminology and comparisons between species were mostly based on KraMMer (1997a, b) and round et al. (1990) .
The species complex morphological differences were valued using Bray-Curtis similarity multidimensional scaling procedure (MDS) performed with R version 3.1.2 (r developMent Core teaM 2015) using the 'vegan' package (oKSanen et al. 2016 ) and an analysis of similarity (NP-MANOVA) was performed between the values of resulting groups in the MDS using the Euclidean distance measure. A scatterplot matrix (n = 63) was achieved using the pac- (Fox 2005 (Fox , 2007 . Holotype permanent slides, as well as the raw and cleaned samples were deposited at Herbário Científico do Estado "Maria Eneyda P. Kauffmann Fidalgo" (SP), São Paulo State Department of Environment, Brazil. Isotypes were deposited at BR, the Botanic Garden Meise, Belgium.
kage 'Performance Analytics ' (peterSon et al. 2014) . The following features were taken into consideration: (1) valve length (apical axis) and width (transapical axis), (2) length to width ratio, (3) number of dorsal striae in 10 μm, and (4) number of ventral striae in 10 μm (Fig. 2) . Differences in morphometric data were examined using Kruskal-Wallis non-parametric "Rcmdr" test and the package version 2. Scanning electron microscopy (SEM): External raphe fissure slightly undulate (Figs 4, 6, 7) . Proximal raphe end almost straight, the enlarged proximal endings slightly curved to the dorsal side (Figs 4, (6) (7) (8) . Raphe distal ends are first dorsally bent, than strongly hooked to the ventral side ending onto the mantle 9 ). Axial area is narrow, linear (Figs 4, 6, 7) . Striae uniseriate composed by lineolae (Figs 4-12), numbering 36-38 in 10 μm. Internally, struts provide structural support to the foramen, whose opening bears three spines at each side (Figs 10, 11) . Internally, the raphe fissure is interrupted by an intermissio (Fig. 10 ).
Distribution and ecology:
Encyonema angustecapitatum and E. ponteanum are sporadically mentioned, suggestive of an underestimation of their real distribution. Register of E. angustecapitatum is in a specific webpage about diatoms, that includes illustration and information on its geographic distribution in the United States (Phycology Section, Patrick Center for Environmental Research, Academy of Natural Sciences of Drexel University. Encyonema angustecapitatum (NADED 110034). https:// diatom.ansp.org/taxaservice/ShowTaxon1.ashx?naded_id=110034. Accessed 26 Oct 2016).
For South America, the species was reported by Metzeltin & lange-Bertalot (1998) in a survey of material collected in the Tapajós River (Brazil). ruMriCh et al. (2000) documented E. angustecapitatum from the San Lucior pond (Colombia) and vouilloud et al. (2010) from the Colombian Amazon material (Porvenir River, Amazonas). The latter was collected in a phytoplankton sample of a river with pH 6.3, conductivity of 10 μS.cm -1 , Secchi depth of 62 cm and a temperature of 27.5 °C. Then, Montoya-Moreno et al. (2013) through a bibliographical revision to recognize freshwater diatom species present in Colombia, registered the species for the sites already mentioned previously (Porvenir River, San Lucior pond) and also for Frontino moorland. However, no illustration nor description were provided.
Precisely for Brazil, only three E. angustecapitatum published records were found. Souza & oliveira (2007) reported the species from an epilithic diatom floristic survey of the Paraná River Basin (Goiás State), but no illustrations or descriptions were provided. Marquardt et al. (2010) registered the species in a study of periphytic diatoms in the Rio das Pedras, located in Guarapuava (Paraná State). Nevertheless, this taxon differs from the type material for absence of shoulders especially on its ventral margin. Finally, Marquardt & BiCudo (2014) reported E. angustecapitatum during the floristic survey of the Cymbellales (Bacillariophyceae) from the Parque Estadual das Fontes do Ipiranga (PEFI), São Paulo city, southeast Brazil. Although a brief description and illustration of the above specimens were available, clear differences can be noticed when it is compared to the type material, such as the presence of a lanceolate, ventral axial area and the absence of well-defined shoulders.
The only register about E. ponteanum is, however, its original description in KraMMer (1997b). Axial area narrow, linear, wider on the ventral margin. Central area absent. Raphe filiform, lateral. Proximal fissures weakly expanded, curved to dorsal margin. Raphe distal ends strongly deflected to the ventral margin. Striae parallel to slightly radiate at the ends. Dorsal striae 13-14 in 10 µm, ventral striae 13-16 in 10 µm. Indistinct areolae. Stigmoid absent.
Formal descriptions of the new species

Encyonema acquapurae
Scanning electron microscopy (SEM) (Figs 22-26):
External raphe fissure slightly undulate (Figs 22, 23) . Proximal end of raphe almost straight, the enlarged proximal endings slightly curved to the dorsal side (Figs 22, 23, 25) . Raphe distal ends are first dorsally bent, then strongly hooked to the ventral side ending onto the mantle (Figs 22, 23, 26) . Axial area is narrow, linear, and wider on the ventral margin (Figs 22, 23) . Striae uniseriate composed by apically-elongate areolae (Figs 22, 23, 25, 26) , numbering ca. 36 in 10 μm. Internally, raphe fissure is interrupted by an intermissio (Fig. 24) . Raphe distal endings terminating on welldeveloped helictoglossae (Fig. 24) .
Etymology: From Latin 'acquapura', meaning pure water, in reference to the very clear waters of the Rio Pequeno branch, in which the species was collected. KraMMer (1997b, pl. 130: figs 8-15) clearly show the differences between the two species. Thus, E. acquapurae can be discriminated by having (i) more radiate dorsal striae, (ii) wider axial area on ventral side, (iii) greater measurements (length: 20.8-27.4 µm and width: 5.0-6.0 µm), and (iv) smaller length to width ratio (4.0-4.7).
This species is to be compared to E. pankowii lange-Bertalot et KraMMer in KraMMer. Although their measurements overlap, the latter has less striae and areolae in 10 µm ( Table 3 ), so that they appear somewhat coarse when they are seen in LM. Encyonema acquapurae is distinguished from E. ponteanum by its largest dimensions and smaller length to width ratio (Table 3) . Another similar species, E. gaeumannii (F. MeiSter) KraMMer is smaller (4-5 µm) and has comparatively more striae (15-18) and more areolae in 10 µm (38-42), as well as more protracted ends. Furthermore, it shows very narrow axial area and larger apices (Table 3 ). In addition, all these species show a parallel striae pattern whereas E. acquapurae has a radiated one.
Encyonema acquapurae is also similar to E. kabaniense rodionova et poMazKina in poMazKina & rodionova (2014). although no LM images of the latter species are available, differences regarding its areolae pattern (rounded and internally supported by struts) may be useful in separating both taxa.
Ecology: Encyonema acquapurae material was common in samples collected from plankton and surface sediments of the Billings reservoir Rio Pequeno branch (relative abundance ≤ 2%). The water is oligo-mesotrophic with low nutrient concentrations ( (Figs 32-34 ). Raphe filiform, lateral. Proximal fissures weakly expanded, slightly curved to dorsal margin. Raphe distal ends strongly deflected to the ventral margin. Striae parallel to slightly radiate at the ends. Dorsal striae 11-14 in 10 µm, ventral striae 11-14 in 10 µm. Indistinct areolae. Stigmoid absent.
Scanning electron microscopy (SEM) (Figs 36-38):
External raphe fissure slightly undulate (Figs 36, 38) . Proximal end of raphe almost straight, enlarged, slightly curved to the dorsal side (Figs 36, 38) . Raphe distal ends are first dorsally bent, and then strongly hooked to the ventral side ending onto the mantle (Figs 36, 38) . Axial area is narrow, linear (Figs 36, 38) , slightly wider to the ventral side. Striae are composed of rounded to lineolate areolae (Figs 36, 38) , numbering 35-40 in 10 μm. Internal striae are composed of rounded, lineolate and unequal areolae (Fig. 37) . Internally, the raphe fissure is interrupted by an intermissio (Fig. 37) . Raphe distal ends terminating in well-developed helictoglossae (Fig. 37) . 
Taxonomic remarks:
The new species was recorded as E. angustecapitatum in Marquardt & BiCudo (2014) . However, ultrastructural analysis showed that the Casa Branca specimens have rounded areolae, whereas in the type material are lineolate. Spaced dorsal striae at median region were not observed in E. angustecapitatum. All other features usually overlap.
Encyonema pankowii has less striae (10-11) and areolae (18-20) in a 10 μm interval, wider valvar width (5.5-6.5 μm) and length to width ratio (4.4) ( Table 3) . Ecology: Encyonema tenue was collected from a marsh (Casa Branca city, São Paulo State) with relative abundance ≤ 2%. The new collected species was associated with Encyonopsis schubartii (huStedt) KraMMer, Kurtkrammeria frequentis (KraMMer) BahlS and Gomphonema sp. There is no information about the local water nutrients. (Fig. 50) . Raphe distal endings terminating in well-developed helictoglossae (Fig. 50) .
Etymology:
The specific epithet refers to its more spaced and smaller striae number when compared to other species of the E. angustecapitatum complex. Raphe filiform, lateral. Proximal fissures weakly expanded, slightly curved to dorsal margin. Raphe distal ends strongly deflected to the ventral margin. Dorsal striae parallel to slightly radiate at the ends, dorsal striae 13-15 in 10 µm, ventral striae 14-16 in 10 µm, very short in the median area. Indistinct areolae. Stigmoid absent.
Scanning electron microscopy (SEM) (Figs 61-66):
External raphe fissure slightly undulate (Fig. 61) . Proximal end of raphe almost straight, slightly curved to the dorsal side (Figs 61, 62) . Raphe distal ends are first dorsally bent, than strongly hooked to the ventral side (Figs 61, 62, 64 Taxonomic remarks: Encyonema paradisiacum has strongly curved raphe to a very narrow ventral margin, with short striae placed only marginally or entirely absent. These features are similar to those of some Cymbellopsis KraMMer species. However, according to KraMMer (1997b) Encyonema structure significantly differs from Cymbellopsis. In the latter genus, the areolae are quite irregular and some of them often form clusters that appear as rough points at LM. Also, the foramina are either delicate apical elongated slots or irregularly x-shaped openings. Regarding the areolae ultrastructure, SEM observations of E. paradisiacum showed that they are always lineolate or Y-shaped (Figs 62, 63, 65) and their striae are not interrupted.
Ecology:
The new species was somewhat rare in the surface sediments samples collected from Ribeirão do Campo reservoir (Salesópolis city, São Paulo state) (relative abundance ≤ 2%). The water is oligotrophic with low nutrient contents ( 
Morphological examination
Differences between the studied groups were evidenced by using their morphological measurements (Fig.  1) . Similarity tests (NPMANOVA) performed on the resulting groups in the MDS, revealed statistically significant differences (p values: <0.001, <0.01, <0.05) between the four studied taxa (Table 3) but not for E. angustecapitatum and for E. ponteanum. The small number of E. ponteanum representatives may have contributed to this result. However, no representative of the species was found during the re-examination of the type material, and the measures used in this analysis were based only on KraMMer (1997b). The procedure distinguished four groups of specimens as follows: E. acquapurae (N = 15 specimens), E. tenue (N = 11 specimens), E. sparsistriatum (N = 12 specimens) and E. paradisiacum (N = 15 specimens), besides E. angustecapitatum (N = 7) and E. ponteanum (N = 3) type materials (Fig. 4) . These groups are evident during the ordination analysis, with a 'stress' of 0.07596, indicating that graphical distances among species were close to the original similarities. All species were easily distinguished by the morphometric analysis approach (Fig. 2) .
For the scatterplot matrix, correlation between length and width (0.45), length and length to width ratio (0.57), width and length to width ratio (-0.38), width and ventral striae (0.27) and dorsal and ventral striae (0.87) were significant and very useful features for species differentiation (Fig. 3) .
Final remarks and conclusion
Present observations of the type material of E. angustecapitatum culminated with a better understanding of the complex identity, and helped to identify four new taxa that were formerly misidentified. The species in the E. angustecapitatum complex can be separated mainly by differences of their morphological features such as valve outline, axial area, valve length, valve width, length to width ratio, number of striae in 10 μm and number and type of areolae in 10 μm. Although most morphological characteristics of the species examined are similar and overlap among themselves, analyses based on the combination of morphological data were useful for the identification of the E. angustecapitatum species complex. Morphometric and statistical analysis has been shown to be a useful and widely used tool for the separation of diatom complexes as well as to delimit important features in the species (e.g. Wen- All species were quite rare in all samples currently studied making LM and SEM observations quite difficult. Their biogeography is still unclear, but just American's distribution were found until now (Fig.  67) . We cannot excluded that the new species are more widespread than just in the São Paulo state. This observation concerns the significant amount of Cymbellales representatives recently described (e.g. BahlS 2015; le Cohu et al. 2015; yana & MayaMa 2015; heudre et al. 2016; Marquardt et al. 2016) . Moreover, the new taxa might be characteristic for oligotrophic habitats in tropical areas.
This study contributes to the need of documenting and illustrating diversity to facilitate research on diatom biogeography, ecology and paleoecology in Brazil. Further research on the diatom diversity of Brazilian environments may yet lead to the discovery of other new species due to the few taxonomic studies already performed and the little attention given to rare taxa. 
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